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Abstract
New generation of neutron decay experiments, which can be done
with high accuracy at new Spallation Neutron Sources, are very im-
portant for solution of current problems of fundamental physics and
for tests of the Standard Model. The open problems of theory related
to these experiments and possible approaches to their solutions are
discussed.
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In tree approximation, and neglecting recoil corrections and electron po-
larization, the neutron decay rate has a simple representation [1] in terms of
coefficients of angular correlations a, A, B and D:
d3Γ
dEedΩedΩν
= Φ(Ee)G
2
F |Vud|2(1 + 3λ2)
×(1 + bme
Ee
+ a
−→pe · −→pν
EeEν
+−→σ [A
−→pe
Ee
+B
−→pν
Eν
+D
−→pe ×−→pν
EeEν
]), (1)
These coefficients depend only on one parameter λ – the ratio of weak axial-
vector and vector nucleon coupling constants. Here, −→σ is neutron spin, me
is electron mass, Ee, Eν ,
−→pe , and −→pν are energy and momentum of electron
and neutrino, GF is Fermi constant of weak interaction (obtained from the
µ-decay rate), and Vud is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element. The Φ(Ee) function includes normalization constants, phase-space
factors, and standard Coulomb corrections. The parameter b is equal to
zero for the standard vector – axial vector type of weak interactions, and
the parameter D is related to time-odd correlations of spin and momenta,
therefore in the first Born approximation, it is defined by a time reversal
violating process.
The improving accuracy of neutron β-decay experiments results in the
most precise measurements of the relative axial-vector coupling constant λ,
which is very important for many applications of the theory of weak inter-
actions, including astrophysics, since the star’s neutrino production is pro-
portional to λ2. Even more important is the fact that precise measurement
of neutron decay is related to the possibility of obtaining the CKM matrix
element Vud in nuclear model independent way because neutron decay rate
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is proportional to the |Vud|2. Therefore, further increase in the accuracy of
experimental data in neutron decay changes the status of these experiments
and ranks them closely to the most important experiments in fundamental
physics. Precise measurements both for neutron life time and for angular
coefficients provide the opportunity to extract hadronic vector weak interac-
tions constant with the accuracy comparable to the 0+ → 0+ nuclear β-decay
experiments. Therefore, one can solve the unitarity problem of the CKM-
matrix. Currently, the best value of the first (and largest) matrix element Vud
(for u and d quark masses mixing) can be obtained from the measurement of
nuclear Fermi transitions in 0+ → 0+ nuclear β-decay. However, the proce-
dure of the extraction of this matrix element involves calculations of radiative
corrections for Fermi transition in nuclei. Despite the fact that these calcu-
lations have been done with high precision (see [2] and references therein),
it is impossible to obtain the values of these corrections from independent
experiments. The unitarity condition for the CKM matrix
|Vud|2 + |Vus|2 + |Vub|2 = 1 (2)
gives the constraint on the sum of three matrix elements. Two of them,
Vus = 0.2196± 0.0023 and Vub = 0.0036± 0.0007 [3], have been measured in
high energy physics experiments (see also [4, 5]). The first element Vud gives
the dominant contribution to the unitarity equation and, therefore, it is cru-
cial for the test of the Standard Model. The current value [2] of the matrix
element obtained from nuclear 0+ → 0+ nuclear β-decay is 0.9740± 0.0005,
the value obtained from neutron β-decay is 0.9713± 0.0014 [6]. One can cal-
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culate this matrix element from the unitarity condition constraint assuming
that other matrix elements are known. It gives us 0.9756± 0.0004 [6]. Com-
paring these results, one does not see a statistically significant discrepancy in
the values of the matrix element Vud. Nevertheless, due to differences in these
values, there is certainly room for new physics which can contribute to the
unitarity equation at the level of 10−2−10−3 (see for example [6, 7, 8, 9, 10, 11]
and references therein). To resolve this problem, the new generation of pre-
cision neutron decay experiments [12] are required.
To obtain the parameter Vud from precise neutron decay data, one has
to calculate all corrections for neutron decay with the appropriate accuracy.
It is well known that recoil effects [13, 14] (see, also [15, 16]) and radiative
corrections [17, 18, 19] essentially modify Eq.(1) and coefficients a, A, and
B. These corrections became important at the level of few percents and
should be carefully examined to produce the relevant background for the
data analysis and to be able to search for new physics, because these cor-
rections have the same order of magnitude as the expected deviations from
the Standard Model. The main concern here is the accuracy and reliability
of calculations of radiative corrections. They have been carefully calculated
for Fermi transitions, however, neutron decay contains contributions from
Gamow-Teller transitions as well. Another problem is related to the tra-
ditional procedure of separation of radiative corrections into “outer” and
“inner” parts. The first part is a universal function of electron energy and is
independent of the details of strong interactions. The second part, dominated
by the large QCD short-distance term, contains nucleon structure-dependent
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contributions. Since “outer” corrections could be calculated precisely, they
do not bring uncertainties into extraction of parameters from experimental
data. The problems arise with estimations of the “inner” corrections: this
is because a part of them is very dependent on hadron structure model,
and another (main) part results from QCD loop calculations with very high
momentum transfer based on a consideration of the nucleon as a system of
free quarks. Moreover, the renormalization procedure [20] mixes the leading
“outer” and small “inner” parts of corrections and, as a consequence, leads
to even more uncertain results (in terms of reliability and control).
Let’s for a time being neglect the necessity of the renormalization, and
answer the following question: could we obtain (or restrict) the model de-
pendent parts of radiative corrections from the complete set of neutron decay
experiments? One can measure at least four parameters with high precision:
total decay rate, a, A and B coefficients. Therefore, one could expect that
simultaneous analysis of these data may lead to the over-defined system of
algebraic equations with the possibility of extracting the unknown parts of
radiative corrections. Unfortunately, the answer is: it is impossible in the
standard framework even if we are to neglect the renormalization procedure.
To show this, we use results [17] of calculations of radiative corrections
in the first order of approximation in electromagnetic coupling constant α,
neglecting terms of order α(Ee/M) ln(M/Ee) and α(q/M), where M is a
nucleon mass and q is a transferred momentum.
As a rule, radiative corrections affect the value and the Lorentz structure
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of the zeroth-order matrix element of neutron β-decay
M0 =
GF |Vud|√
2
[ue(γ
α + γαγ5)vν ][up(γα + λγαγ5)un]. (3)
However, it was shown [17] that the strong interaction contributions of the
radiative corrections do not change the Lorentz structure of the initial ma-
trix element M0 but rather renormalize the vector and axial-vector coupling
constants in hadronic current by energy independent parameters aV and aA,
correspondingly
Mstr =
α
2pi
GF |Vud|√
2
[ue(γ
α + γαγ5)vν ][up(aV γα + aAλγαγ5)un]. (4)
It should be noted that parameters aV and aA are dependent of details of
strong interactions and that both of them include contributions from vector
and axial-vector currents. The aV leads to an additional renormalization
of the product of Fermi coupling constant and the CKM matrix element,
and was a subject of intensive study (see for example, [2, 18, 20] and refer-
ences therein) for obtaining the CKM matrix element from 0+ → 0+ nuclear
β-decay data. The parameter aA has not been studied since it does not
contribute to 0+ → 0+ nuclear β-decay.
At the level of the first approximation considered in the paper [17], one
can show that the renormalization of the parameter λ as
λ→ λ1 +
α
2pi
aA
1 + α
2pi
aV
(5)
does not change either the form of the Eq.(1) or all the correlation coefficients,
and that the parameter (1+ α
pi
aV ) is a common factor for Eq.(1). This means
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that in the given approximation of the standard approach for calculations of
radiative corrections, first, one cannot obtain experimental restriction on the
strong interaction dependent parts of radiative corrections and, second, it is
impossible to obtain the non-renormalized parameter λ from experimental
data. This is true for any kind of neutron decay experiment.
This result leads to the necessity of careful calculations of the hadronic
model dependent parts of radiative corrections both for vector and axial-
vector currents. The corrections for vector coupling constant are necessary
for obtaining the CKM matrix element. The axial-vector corrections became
important for studying neutrino nuclear interactions. The knowledge of the
parameter λ with very good accuracy is in high demand from neutrino astro-
physics. For example, the analysis of recent results from SNO experiment[21]
needs precise calculations[22, 23, 24] of neutrino deuteron cross sections which
are dominated by Gamow-Teller transitions.
It should be noted that the above “no-go” result is obtained in the first
order of the approximation. In the second order, one can see that parameters
aV and aA became dependent on electron energy. Therefore, when measur-
ing neutron decay process with higher accuracy, it is possible to separate
contributions from vector and axial-vector corrections and even to obtain
restrictions on their values. Unfortunately, this approach does not look real-
istic because the energy dependance of hadronic structure corrections arising
in the second order of approximation is extremely small – about 10−5−10−6.
What options do we have for control of the reliability of calculations of
radiative corrections if we can neither obtain them from any set of neutron
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decay experiments nor calculate them in a model independent way using
standard approach?
One can suggest both experimental and theoretical solutions. The exper-
imental approach is the comparison of precise experimental data of neutron
decay experiments with elementary processes which are dominated by Fermi
transitions (for example, pi-meson decay) and Gamow-Teller transitions (neu-
trino deuteron reactions). For both cases the accuracy must be better than
the one currently available. The theoretical approach is related to the possi-
bility of avoiding hadronic model dependent contributions which are present
in the conventional QCD based approach. From this point of view, the ef-
fective field theory (EFT), where the unknown high energy behavior can be
integrated out and replaced by the set of low energy constants in the effec-
tive Lagrangian, looks very promising as an approach for a solution of this
problem. The payment for this is a number of unknown parameters (counter
terms) that can be extracted from a set of independent experiments. The
first result of calculations of the radiative corrections for neutron decay using
EFT is presented in the paper [25].
One can conclude that new generation of neutron decay experiments,
which are being considered at new Spallation Neutron Sources [12], are ex-
tremely important for understanding of currently unresolved problems of fun-
damental physics and for test of the Standard Model. This is also a challenge
for theory. There are many questions to be answered and many problems to
be solved for optimization of the future experiments and for unambiguous
interpretation of experimental results.
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